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Introduction

The Missouri "Lead Belt" comprises approximately 50 square miles,
centering around the town of Flat River, in St. Francois County. Missouri.
This district has been producing lead for more than ZOO years, the total
production being at least 8, 000,000 tons of lead, valued at more than
$1,000,000,000.

For many years, the annual production of the district

has been at least one -fourth of the total production in the United States.
An excellent description of the geology of this area was published
recently by Ohle and Brown(!) in 1954.
The ore consists principally of galena which is disseminated within
the Bonneterre formation of Upper Cambrian age.

Some of the ore is

associated with algal reef structures w thin the formation.

This especi-

ally is true at the National Mine, where the writer was employed, so he
had an excellent opportunity to study the relationship of ore deposition to
the reef structures.

One notable feature is that ore deposition is not uni-

form throughout these structures.

Since Ohle had found permeability

to be an important factor in localization of ore in the Mascot,

Tennessee

district, Dr. Brown desired that the influence of permeability in the
localization of ore with respect to the reef structures be studied.

The

major reef-bearing zone in the National Mine was selected for detailed

(l) Ohle, E. L. and Brown, J. S., Geologic problems in the southeast
Missouri lead district, Geol. Soc. America Bull., vol. 65, no. 3,
pp. 20 1-ZZ 1, March, 1954.

3

study.

The National Mine is located between Flat River and Desloge,

Missouri.
The research was conducted with the consent and support of the
St. Joseph Lead Company in cooperation with the Department of Geology
of the Missouri School of Mines and Metallurgy, the permeability measurements being conducted in the Geology Department of the School of Mines
during 1956 and 1957.
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Stratigraphy

The stratigraphy of the southeast Missouri Lead Belt is comparatively simple, as shown in Plate I.

A succession of Cambrian forma-

tions rest upon an eroded sequence of Pre-Cambrian igneous rocks on
which a relief of several hundred feet had been developed prior to the
deposition of the sediments.
The first of these sediments to be deposited was the Lamotte
sandstone, which varies in thickness from 0 to more than 400 feet. The
base of the format"on, in contact with the underlying igneous rocks,
usually is marked by a basal conglomerate above which is a mediumgrained white to grey sandstone which in places is interbedded with shale
in the lower portion and in places is quite arkosic.

Usually the unweath-

ered Lamotte consists of a nearly white, fa"rly clean quartz sand; but
on the outcrop it usually is dirty grey or brown.

While much of the

formation is thick bedded, cross-bedding often is a prominent structure
in the La motte.

Overlying the Lamotte is the Bonneterre, a dolomitic formation
normally 350 to 400 feet thick.

While the contact between the two forma-

tions often is sharp, usually there is a gradational transition zone,
marked by sandy dolomite and quartz sand lenses interfingered with
Bonneterre dolomite.
The lower portion of the Bonneterre usually is quite greenish due
to the presence of much glauconite which occurs as small disseminated
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flakes and pellets and is indicative of a shallow marine origin for this
part of the formation.

Higher in the formation, both the sand grains and

the glauconi te become more scarce, the middle and upper portions being
predominantly dolomite with a little shale.

Since the Bonneterre is the

most important ore-bearing formation in the Lead Belt, it has been
studied in great de ail and divided into zones by the geologists of the St.
Joseph Lead Company, as will be discussed later.
The Bonneterre i.s overlain by the Davis formation which is characterized by the presence of considerable shale.

It is composed of alter-

nating thin-bedded dolomites and shales with a normal combined thickness
of 150 to 190 feet.

In portions of the Lead Belt it has been removed

completely by eros ion.
The overlying Derby and Doerun formations consist of thin to
medium-bedded grey dolomites.

Since they are usually thin formations

and not readily distinguishable from each other, they usually are combined
and referred to as the Derby-Doerun formation. Where typically developed
the Derby formation is a fine-grained crystalline dolom te, with an average thickness of about 40 feet.

It is characterized by the alternation of

dense massive beds with soft porous ones.

The Doerun normally i.s 50

to 60 feet thick and consists chiefly of argillaceous dolomite. These formations are absent in many places within the Lead Belt, having been
removed by erosion.
Normally the Derby and Doerun formations are overlain by the
Potosi forn1ation. This formation consists mainly of a compact, fine- to
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medium-grained grey dolomite, characterized by numerous irregular
vugs lined with banded chalcedony on which has been deposited drusy
quartz.

Throughout most of the Lead Belt this formation has been re-

moved by erosion along with any younger formations which may have been
present originally.

Its former presence in the area is known primarily

from its residuum which consists of a deep reddish soil in which the
drusy quartz is abundant.

7
Structure

Like the stratigraphy 1 the general structure of the area is rather
simple.

The regional dip is less than a degree to the southwest.

This

regional dip frequently is interrupted by various structures, mostly of
sedimentary origin, and among the most common of these are the low,
broad, elongated arches in both the Lamotte and Bonneterre formations,
and the Pre-Cambrian ridges and knobs from which the overlying sed"m ~nts dip steeply with initial dip, as shown by Dake and Bridge Z}.
Other common structures are the algal reef structures which occur at
certain horizons in the Bonneterre formation.

They are characterized

by unstratified reef-like masses from which the fore reef beds dip
steeply while the back reef beds dip more gently or are horl zontal.
Other local or small scale flexures such as those caused by differential
solution and differential compaction also exist.
Faulting within the Lead Belt is not intense.

The major faults

tend to mark the boundaries of the district and do not affect the area
itself.

While the border faults have throws of several hundred feet,

the maximum displacement for most of the faults within the area can
be measured in a few tens of feet.

Most of the faults are steep normal

faults; some however, have a greater horizo ntal than vertical displacement.

All of the major faulting and most of the minor faulting has taken

(Z)Dake, C. L., and Bridge, J., Buried and resurrected hills of the
central Ozarks: Am. Assoc. of Petroleum Geologists Bull., vol. 16,
pp. 629-652, July 193Z.
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place since the introduction of the ore.
The Bonneterre formation is well bedded and the beds are intersected by numerous joints and fractures, which may or may not have
ore associated with them.

The contacts between zones and the places

where certain beds pinch out are very favorable places for the development of ore.

9
Zonation of the Bonneterre Formation

A study of the Bonneterre formation has revealed distinctive
characteristic differences vertically arranged and related to ore deposition.

These have been described as zones by geologists of the St. Joseph

Lead Company.

They have been assigned arbitrary numbers from top

to bottom, conforming to the sequence as it is encountered in vertical
drill holes.

The principal zones are depicted on Plate I, where it will

be noted that the basic of zoning is lithology.

Often these zones will

interfinger with one another, particularly when adjacent to structures
which are more capable of influencing sedimentation.

10
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PLATE I
EXPLANATION OF PLATE I

STRATIGRAPHIC SECTION
Plate I shows a generalized stratigraphic sect1on Wtth the various
important zones within the Bonneterre formation.

A brief description of

the zones ts as follows:

No.

1 Zone -A dense, grey, dolomite.

No.

3 Zone -A vuggy, bluish grey and white dolomite.

No.

5 Zone - Thick-bedded tan, often oolitic, dolomite. Termed To
(Tan oolite)

No.

DAVIS

7 Zone -Reef zone, containing algal growths and accompanying
offshore and lagoonal facies.

No. 10 Zone - Coarsely crystalline, tan or light grey dolomite.
Termed Lx. (L1ght crystalline)

z

<l
~

m

No. 12 Zone - Thin-bedded, fine-grained dolomite.

~

<l
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BONNETERRE DOLOMITE

/

No. 15 Zone -Coarse crystalline, light grey dolomite, often glauconitic.
No. 19 Zone - Sandy dolomite, especially near the base.
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No. 7 Zone National Mine

The No. 7 zone is the thickest ore producing zone in the National
Mine, locally exceeding one hundred feet in thickness.
most complex zone in the

mine~

It also is the

due to the many lithologic types present

and the pattern of their distribution.

The main feature of this zone is

the presence of large algal reefs, which were recognized only a few
years ago.

The reefs occur in various stages of development within the

Lead Belt; Plate II shows a part of a typically developed reef at the
National Mine.
The reefs normally occupy positions near the crest of low, broad,
cross-bedded, ridge structures.

These ridges are usually composed of

large to medium-grained, light colored, clastic dolomite, locally
termed light crystalline or

Lx·

These beds, which form the "foundation"

for the reefs, are denoted as the No. 10 zone.
Though most of the reef structures are made up of algal growths,
many other 1 thologic types are present within the reef area.

Plates Ill

and IV show the most common facies present in the No. 7 zone.
The reefs of the No. 7 zone consist of dense dolomite of irregular shape suggestive of algal deposits.

In combination with more

granular interstital detritus, these organic structures, resembling fingers, give the dolomite a mottled appearance.

Adjacent to the reef

proper the dolomite is granular or brecciated on the fore-reef side and
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often exhibits appreciable

dip~

while on the lagoon or back-reef side the

dolomite is more fine-grained to

dense~

sometimes shaly and nearly

flat.
When the No. 7 zone was being formed the Bonneterre sea contained low-lying algal reefs which were developed about the projecting
Pre-Cambrian knobs and ridges and on bars and spits of older Bonneterre carbonate detritus.
The No. 7 zone is overlain by beds of oolitic dolomite, the No. 5
zone.

The oolites are normally tan or brown in color and are in a

matrix of fine-grained tan dolomite.
termed tan oolite or T 0

•

T is lithologic type is commonly

15
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PLATE II

EXPLANATION OF PLATE

n

Plate II shows a diagrammatic view of a portion of a typical
reef in the No. 7 zone of the National Mine.
The lower portion of the drawing illustrates the cross -bedded
crystalline, granular, detrital dolomite of the No. 10 zone which normally forms the base upon which the reef has grown.
The upper irregular structure is the reef itself.

The cross-

sectional dimensions of the reefs are normally measured in a few hundreds of feet and the longitudinal dimensions, i.e. the northeast-southwest dimens on, may be several thousand feet in length.

The vertical

extent varies considerably, with a maximum of slightly more than 100

z

Q

....0

Ill
0

...

Ill
Ill

a:

feet.

..J

Certain typical features of the reef are: (I) the extremely steep
or overhanging northwest edge, (2) the existence of channels or

11

valleys"

within the reef, as shown by the upper surface of the reef, and (3) the
long irregular "tails" extending away from the reef on the down current
side, and (4) the general streamlined nature of the entire reef.
These structures along with the off-reef dolomitic sediment, represent the No. 7 zone of the Bonneterre formation at the National Mine.
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EXPLANATION OF PLATE

Plate
No. 7 zone.

m
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m

PLATE III

shows the various organic lithologies present within the

The plate is to be viewed with the long dimens'on in the horizon-

tal position.
A - An individual algal growth or "finger" on left with detrital

material adjacent to it on the right.
B - Algal material with mottled growth pattern.
C - Grey-spotted dolomite, probably algal detritus or another type

of organism. Generally occurs within or very near the reef.
D -Algal material that possibly underwent a sl'ght slumpage or

compaction, giving a brecciated appearance.

E -Brown-spotted dolomite, very similar to the grey-spotted lithology in distribution.

The brown spots are usually larger than

the grey spots.
F - A very dense type of algal growth, locally termed "marble".

Lithologtc varid.tion in tne organic plm.... } "'I the No. ·1 zon~, Na.tLonal lv'J.i..J..J.
3cale = Natural size.

Normally occurs as small humpy type structures rather than
vertically elongated growths as does certain of the other algae.

A

B

c

D

E

F
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EXPLANATION OF PLATE IV
PLATE IV
Plate IV is to be viewed with long dimension horizontal.

It illus-

trates the lithologies within the No. 7 zone which apparently are not of
an organic nature.

G - Very fine-grained dolomite with dispersed glauconite flakes

and thin shale partings.
H -A medium to fine-grained tan dolomite containing oolites.

More prevalent above and within the upper portion of the reef,
locally termed T 0

•

I - A fine-grained grey dolomite containing many irregular shale
partings, locally termed "crepe".

Best developed in the

back reef facies.

J - Very fine-grained homogeneous grey dolomite, locally termed
"slime".
K - Medium-grained tan crystalline dolomite.

Occurs as lenses

Lithologic vadations ia the inorganic p!1asc o! the N o. 7 zone, 1· ation1.l l une.
Scale = Natural size.

and layers within the reefs, locally termed Tx.

L - Fine-grained vuggy dolomite, highly mineralized with marcasite and small amounts of galena.

Vuggy appearance is typical

of massive marcasite but not of galena.

G

H

J

K

L
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Sampling

The pattern of sampling the No. 7 zone was set up in accordance
with four cross-sections which previously had been chosen to take
advantage of mine workings, drill hole information, and other projected geologic features, as shown in Map No. I.

The slight varia-

tion in bearing of the different cross-sections is due to the desire to
utilize availab e information.
sampling were employed.

Two slightly different methods of

A third method was attempted but was never

completely successful.
Diamond drill cores were taken from prospect drilling in desired locations.

These cores were of the AX s·ze, which is nor-

mally used for all of the underground and surface drilling now conducted by the St • .Joseph Lead Company.

Only cores from holes

drilled parallel or perpendicular to the bedding planes were used
because samples which transect beds would be very difficult if not
impossible to evaluate.

The objectionable feature of this type of

sample is that all cores containing visible lead are crushed and
assayed.

This disadvantage of losing the lead containing cores was

offset in a few cases, where lead was encountered within the first
few feet of a hole, by moving the drill a few inches and repeating
the hole for four or five feet.
for permeability tests.

These duplicate cores were saved
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Some samples consisted of chunks of rock six to eight inches
across.

These were taken from breasts and pillars.

Loose rock

found in stopes was never used due to the uncertainty of its exact location and orientation.

These samples were numbered and recorded

underground before being taken to the s urface.

There the chunks were

placed into suitably sized molds, and concrete was poured around each
sample to form a block of concrete with a square 8" x 8 11 base.

Care

was exercised in the orientation of each sample so that it could be cut
either perpendicular or parallel to the bedding.

After curing the con-

crete for a minimum of five days, the forms were removed.

The

sample, embedded in the concrete block, was set into a square steel
frame mounted on an electric driven diamond drill.

The core was

then drilled with an AX bit and retained for future use.

This method

permitted many samples to be taken from mined areas, which were
the more highly mineralized horizons.
method are:

The disadvantages of the

(1) only extremely short cores are obtainable.

(2) vibra-

tions during drilling tend to break up the more shaly type cores.
(3) the amount of time required for preparation is too long.
Most of the samples were collected by the first method, but
in several cases, where a particular stratum, usually mineralized,
was desired, the latter method was used.
A third sampling method was attempted and abandoned.

It

consisted of mounting the original rock specimen in a clamp which
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was then clamped to the diamond drill frame.

This method yielded

poor results because of the vibrations of both core drill and sample.
which could not be controlled.

23

Sample Preparation

The cores were sliced into discs one centimeter in thickness,
four adjacent discs being sliced in succession from each sample.

The

slicing was done by a diamond saw to which a specially constructed core
holder was affixed.

(See Plate No. V for details)

This method per-

mitted reproducible specimens to be sawed very rapidly.
After sawing, the specimens were labeled consecutively A, B,
C, and D, and placed into an envelope bearing the drill hole number and
the depth from which the sample was taken.

Samples taken by hand

rather than from drill cores were also cored and sliced but were placed
in envelopes labeled with the location co -ordinates and elevation of the
sample.

The location of all specimens is accurate to within one foot of

their original position in the area.
All samples were stored in individual envelopes, at room temperature, huYXlidity, and pressure, for several months before being
used for permeability tests.

Z4

PLATE

DIAMOND

EXPLANATION OF PLATE V

Figures 5 and 6 show the type of saw and attachment used for
slicing all of the specimens for this investigation.

The saw is an

ordinary commercially constructed diamond slicing saw.

The attach-

ment "A" is mounted rigid on the saw carriage and the core "B 11 is
held by screw type clamps on the slicing attachment.

After an initial

cut is made to "square-up" the end of the core, it is reversed in the

FIG 5

holder and on each successive cut, a steel blank "C" is placed behind
the core.

This arrangement permitted extreme accuracy in slicing

the specimens.

FIG. 6

SAW

1L zs
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Permeameter

The permeameter used in this investigation was the type used by
E. L. Ohle( 3 ).

He designed equipment capable of measuring rocks of ex-

tremely low permeabilities, lo- 2 to Io-7 millidarcies.

The conventional

methods used by the petroleum companies were much too time consuming
when working with dense dolomites and limestones.

Dr. Ohle reduced the

time required by: (1} using as the permeating fluid the less viscous gases
such as helium and nitrogen, and (2) using high pressures, up to 1500
pounds per square inch.

A drawing and description of this equipment is

given in Dr. Ohle 1 s publication. (4)
During the initial portion of the present investigation, Dr. Ohle 1 s
original permeameter was used.

Later new equipment was constructed

with minor changes, so as to increase the ease of operation and decrease
the gas consumption; however, the general design of the equipment was
not changed.

Details of this apparatus are shown in Plate VI.

As may be seen from the drawing, the source of gas is a standard
cylinder of compressed gas.

Each cylinder is charged to 2000 pounds per

square inch, which therefore limits the maximum obtainable pressure, but
all components of the apparatus were designed to withstand a maximum of
3000 pounds per square inch.
( 3 )0hle, Ernest L., The influence of permeability on ore distribution in
limestone and dolomite; Part I, Econ. Geology, Vol. 46, No. 7, pp •

667-706.
{4}Qhle, Ernest L., Idem., p. 687.

PERMEA ETER
EXPLANATION OF PLATE VI

Figure 1 - Photograph of the Permeameter.

Figure Z - DiagraYll of Component Parts of Pertneameter.
A - Gas cylinder
B - Line filter
C - Stop watch
D - Thermometer
E - Drying chamber and reservoir
FIG. I

F - Pres sure control valve
G - Pressure gauge
H - Bleed-off valve
I - Specimen chamber held in vise

J - Three-way stop cock
K -Burette
L- Beaker
All components of the equipment are clearly shown with exception of the tube connecting the specimen holder and the tee block,
which is l-ocated between the gauge block and the bleed-off valve.
This tube is hidden from view behind the equipment panel and the
vise.

A

PLATE '2I

28

29
The gas released from the storage cylinder passes through the
flexible manifold connector into a filter, which removes foreign solids
such as rust particles.

The gas then flows into a cylinder which serves

as a drying chamber and reservoir.
remove any moisture in the gas.

This cylinder contains CaClz to

From the drying chamber the gas

passes through the pressure regulator valve.

This valve divides the high

pressure system of the apparatus from the intermediate system, and
permits the regulation of the pressure upon the specimen.

The gas also

activates the gauge and acts upon the high pressure side of the specimen, suitably mounted in the specimen holder.

The gas emerges into

the low pressure system of the apparatus, from which it flows through
a three-way glass stop cock which permits the gas to either pass out
into the atmosphere or to be passed into an inverted water filled burette
for measurement.

An aspirator attached to the top of the burette and to

a nearby water faucet, permits ease in recharging the burette with water
after completing a measurement.

A thermometer attached to the

equipment panel gives the room temperature; and a stop watch measures
the time during which gas is collected in the burette.
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Permeability Determination

The piece of rock to be tested consists of a section of rock core
one centimeter thick and approximately 2. 8 centimeters in diameter.
The periphery of this disc is wrapped with transparent cellulose tape to
insure a perfect seal between the specimen and the rubber sleeve into
which the specimen is pressed.

Both ends of the embedded disc are

sealed by flat rubber gaskets as it is placed into the specimen chamber.

A flat brass washer and a rubber gland washer follow the second rubber
washer, and the seal is completed by tightly screwing in the male plug
of the chamber.

An exploded view of the complete assembly may be

seen in Plate No. VII.

From the plug, a flexible exit tube conducts the

gas beneath a burette inverted in water by means of which the volume of
permeating gas is measured in a given time.

This type of arrangement

was used by Ohle(S) and has proven very satisfactory in the present investigation.

The seals were tested frequently by using a solid glass

disc in place of the rock specimen.

If no gas passed thr-ugh the cham-

ber, as pressure was applied, the gaskets were known to be sealing
properly.

In accordance with Ohle's procedure, the permeability is determined under increasing helium pressures of 20, 40, 60, 80, and 100
atmospheres, and then under diminishing pressures in reverse order

(S} Idem, p. 687.

PLATE "EI

Specimen Chamber Assembly
EXPLANATION OF PLATE VII

Figure 3 - Photograph Showing Exploded View of Specimen ChaYnber
Assembly.

Figure 4 - Diagram of Component Parts of Specimen Chamber Assembly.

A - Specimen chamber shell
FIG. 3

B -Inside flat washer
C - Sleeve washer
D - Rock specimen
E - Outside fiat washer
F - Brass flat was her
G -Gland washer
H - Specimen chamber plug

The gasket labeled "F" is made of brass, all others are of rubber.
The specimen chamber shell and plug are both made of stainless steel.
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back to 20 atmospheres.

The volume of helium passing through the speci-

men in a predetermined time is measured at each of the pressures. From
these data the permeabUities are calculated, plotted, and the permeability
at infinite gas pressure is determined.

This value, according to Klinken-

berg, is equal to the liquid permeability.

Pressure forces the gas mole-

cules closer together, thus raising its viscosity.
The primary pressure source for the equipment is that of the gas
in the supply cylinder.

Pressure on the specimen may be regulated by

the adjustment of either the pressure control valve or the bleed-off valve.
After the desired pressure is obtained, all valves are closed and the
three -way stopcock is turned so as to bleed the permeating gas out into
the atmosphere.

The burette is partially filled with water by the use of

the aspirator and a reading dependent upon the volume of water in the
burette is taken.
The test is begun by simultaneously starting the stop watch and
turning the three-way stopcock to direct the permeating gas into the
burette.

The duration of the test is dependent upon the permeability of the

specimen under the applied pressure.

At 20 atmospheres, five minutes

may be required to collect a volume of gas which can be measured with
the desired accuracy.

Due to the extremely small amount of gas collected,

as compared to the reservoir capacity of the system, there is no detectable loss of pressure on the high pressure side of the specimen, and
therfore, constant adjustment of valves is not required in order to
maintain a constant pressure upon the specimen.
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When the desired volume of gas is collected, the test ·s ended by
simultaneously turning the three-way stopcock to prevent more gas from
entering the burette, and by stopping the stopwatch.

The elapsed time

normally is selected in whole minutes to facilitate comparison and calculation.

All tests at the same pressure on any particular specimen are run

for the same length of time.

The volume of gas which permeated the

specimen in a given length of time at a particular pressure and temperature is determined by the amount of water displaced in the burette.
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Calculations

It has been proven that the permeability values obtained by the use
of gases as permeating fluids are not comparable to those obtained with
liquids, unless certain factors are applied to gaseous measurements.
When the permeating fluid is a liquid, the permeability is calculated by Darcy 1 s formula as follows:
tv
K

QL

= A (P - Pz)
1

K =permeability {in darcys)

t"' = viscosity of the liquid {in centipoises)
Q

=volume

L

= length of column (in centimeters)

rate of flow (in cubic centimeters per second)

A =cross-sectional area (in square centimeters)
P1 - Pz

=pressure

difference through the specimen (in atmospheres)

In an effort to apply this formula to gaseous measurements, Klink6
enberg ( ) showed that the values obtained by the use of gases were always
higher than those determined with liquids as the permeating fluid.

He also

states that different gases give different results on the same specimen,
and that the error between gaseous and liquid results increases with a

(6) Klinkenberg, L. J., The permeability of porous me d.1a t o 1.1qu1.d s an d
gases: Am. Petroleum Inst. Drilling and Production Practice, pp. 2002.11, 1941.
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decrease in permeability.
He modified Darcy's formula as follows, in an effort to improve the
agreement between gaseous permeability and liquid permeabil ty.

K

=

Om I" L
A (P 1 - Pz)

X

[

1+ 4C

]

PmR

Pm

=

mean pressure in atmospheres.

Qm

=

volume flux at the mean pressure in centimeters per second.

C

=

ratio between the mean free path and the reciprocal of the
mean pressure.

t'- = viscosity of the gas in centipoises at the mean pressure.
R

=

an average capillary radius in centimeters so far as the
slip correction is concerned.
4C

b=~

4C
The factor of 1 + ___

is taken care of by plotting the gaseous

PmR

permeabUities at each of the measured pressures against the reciprocal
of the mean pressure.

The best straight line is drawn through these

points and the intersection of this line with the ordinate gives the presumed
gaseous permeability at infinite pressure.

According to Klinkenberg,

this value is equivalent to the liquid permeability.
Klinkenberg explained the difference in liquid and gaseous measurements by the effect produced by the variation of the mean free path under
different pressures.

This effect has been termed the slip factor.
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Since Klinkenberg 1 s results are accepted by most people in his
field, the calculations in this investigation shall use his correction factor.

If only relative results are desired, there is no need to convert the

measurements to liquid permeability values if values of the same pressure
are compared.
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Experimental Variation in
Permeability of No. 7 Zone Bonneterre Dolomite

Approximately 625 indivi ual permeability measurements were
made during this investigation.

These tests were performed on 160

different specimens, selected for their homogeneous lithology or other
desirable properties which they possessed.
The first specimens were tested in the normal manner, the permeability being measured at 20, 40, 60, 80, and 100 atmospheres and
again at the same points as the pressure was reduced.

After a few speci-

mens were tested, it was obvious that a decrease in permeability resulted
in almost every case on the second series of measurements.
verify this, several other specimens were tested.

In order to

The results of the

measurements on the first 16 specimens tested are given in Table No. I.

In the first few tests, the amount of gas collected was held constant for the test pressures, and time was determined as the variable
factor.

It was soan found that when time was kept constant and the

amount of collected gas was made the dependent variable, simpler operation and more accurate results could be obtained.

The results of these

tests show that the permeabilities of 13 of the 17 specimens decreased
when the measurements were repeated.

The permeability of one of the

specimens, No. 522-15A, showed a slight increase in three of the four
repeated measurements.
results.

Two of the specimens yielded nearly constant

Specimen No. 522-SD was taken through two complete cycles of
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TABLE NO. I
Permeability No. 7 Zone Dolomite, Bonneterre Formation,
National Mine
Pressure in AtmosEheres

SEecimen No.

522-6D

522-SD

522-10A

522-10B

20

40

10
76

Increasing pressure
20
30
30
68
42
60

Volume in c.c.
Time in sec.

10
90

Decreasing pressure
30
20
30
74
45
65

Volume in c.c.
Time in sec.

10
65

Increasing pres sure
20
30
30
52
45
28

Volume in c.c.
Time in sec.

10
82

Decreasing pressure
30
20
30
60
48
30

Volume in c.c.
Time in sec.

10
84

Increasing pres sure
30
20
30
30
62
49

Volume in c.c.
Time in sec.

10
87

Decreasing pressure
30
20
30
30
64
49

Volume in c.c.
Time in sec.

60

80

Volume in c.c.
Time in sec.

10
125

Increasing pres sure
30
20
30
62
106
93

Volume in c. c.
Time in sec.

10
147

Decreasing pressure
30
20
30
64
120
101

Volume in c.c.
Time in sec.

10
135

Increasing pressure
20
30
30
58
105
90

Volume in c. c.
Time in sec.

10
135

Decreasing pressure
30
20
30
58
110
90

100
30
28

30
45

30
40
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TABLE NO. I

(continued)

Pressures in AtmosEheres
Seecimen No.

522-lOC

10
60

Increasing pressure
30
30
30
42
30
75

10
75

Decreasing pressure
30
30
30
30
47
89

10
68

Increasing pressure
30
30
30
30
45
79

21.9
240

Increasing pressure
24.5
40.5
37.9
120
120
75

20.6
240

Decreasing pressure
37.6
23.2
39.4
75
120
120

21.8
240

Increasing pressure
37.7
24.6
40.5
120
75
120

Volume in c. c.
Time in sec.

25.4
180

Increasing pressure
31.1
33.1
38.7
30
60
90

Volume in c. c.
Time in sec.

24.1
180

Decreasing pressure
31.4
32.1
38.5
30
60
90

Volume in c.c.
Time in sec.

15.8
180

Increasing pressure
34.6
35.8
29.6
75
180
90

Volume in c. c.
Time in sec.

14.5
180

Decreasing pressure
34.8
27.7
31.9
75
180
90

Volume in c.c.
Time in sec.

Volume in c.c.
Time in sec.

Volume in c:.-c.
Time in sec.

Volume in c.c.
Time in sec.

Volume in c.c.
Time in sec.

522-llB

522-llC

80

40

Volume in c. c.
Time in sec.

522-llA

60

20

100
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TABLE NO. I

Pressures in Atmospheres

SEecimen No.

522-11D

20

40

14.0
180

Increasing pressure
26.1
37.4
25.3
180
120
120

13.2
180

Decreasing pressure
23.4
26.1
37.7
180
120
120

13.8
300

Increasing pressure
25.0
31. 1
30.7
120
240
180

14.4
300

Decreasing pressure
31.2
31.0
24.2
240
180
120

23.4
180

Increasing pressure
32.6
31.7
39.2
30
60
90

22.2
180

Decreasing pres sure
30.8
32.8
39.3
60
30
90

24.1
180

Increasing pressure
40.7
27.7
36.3
120
60
30

Volume in c.c.
Time in sec.

22.8
180

Decreasing pres sure
37.4
34.8
27.6
120
60
30

Volume in c.c.
Time in sec.

4.0
360

Increasing pressure
21.6
14.9
8.9
360
360
360

Volume in c.c.
Time in sec.

410
360

Decreasing pressure
14.4
21.3
8.6
360
360
360

Volume in c.c.
Time in sec.

Volume in c.c.
Time in sec.

522-15A

Volume in c.c.
Time in sec.

Volume in c. c.
Time in sec.

522-15B

Volume in c.c.
Time in sec.

Volume in c.c.
Time in sec.

522-15C

522-ISA

(continued)

Volume in c.c.
Time in sec.

60

80

100
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TABLE NO. I

Pressure

S;eecimen No.

522-18B

522-lSD

in AtmosEheres

20

40

11.3
360

Increasing pressure
17.4
22.6
23.7
240
180
300

9.0
360

Decreasing pressure
20.2
23.5
13.9
300
240
180

5.1
360

Increasing pressure
13.5
9.6
240
300

Volume in c. c.
Time in sec.

4.9
360

Decreasing pressure
13.3
9.5
240
300

Volume in c.c.
Time in sec.

8.2
360

Increasing pressure
21.0
6.4
300
240

Volume in c.c.
Time in sec.

7.3
360

Decreasing pressure
14.2
20.9
300
240

Volume in c.c.
Time in sec.

Volume in c.c.
Time in sec.

522-18C

(continued)

Volume in c.c.
Time in sec.

60

80

100
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tests and in each series the permeability kept decreasing;

however~

specimen 5Z2 -lOG and SZZ -llA did not show this same type of trend.

The

values obtained in the first series of the second cycle are intermediate
between the first and second series values of the first cycle.

This trend

will be discussed later in more detail.

In general, these tests indicated that the permeability of the rock
decreased with the number of tests.

This suggested that the reduction in

permeability is related to the quantity of gas forced through the specimen.
This reduction may have been due to suspended foreign material
in the helium, such as rust from the inside of the gas cylinder or calcium
chloride dust from the drying chamber.

These particles could have in-

creasingly plugged up the pores and interstices of the rock specimen as
the tests were repeated.

The reduction may also have been due to the

adsorption of the helium on the walls of the interstices , or it may have
been the result of temperature effects resulting from the expansion of
helium under different testing situations.
To test the assumption that the reduction in permeability was
directly related to the quantity of permeating gas, several determinations
were made.

The data in Table No. Z show the results of repeated meas-

urments over a long period of time.

Specimen No. 522-ZOB was sub-

jected to a pressure of ZO atmospheres and five tests were made at 45
minute intervals.
cc per 6 minutes.

The average of these tests was approximately 11.36
The pressure was kept at ZO atmospheres and the gas
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TABLE NO.2
Reproducibility of Permeability Determination on a Single Specimen

Pressure in Atmospheres

Specimen No.

20
522-ZOB

Volume in c. c.
Time in sec.

20

20

20

20

11.4
360

11.4
360

11.4

11.4

360

360

11.3
360

11.2

11.4

11.3

360

360

360

Gas permeated specimen for 24 hours
Volume in c.c.
Time in sec.

11.4
360

11.3
360

The successive tests in each series were taken at 45 minute intervals,
and all tests were made at 20 atmospheres pressure.

45
was permitted to permeate the specimen for Z4 hours.
ments were then taken at 45 minute intervals.
gave an average value of 11.36 also.

Five more measur-

The results of these tests

This shows that the permeability

is not related to the amount of gas permeating the specimen; therefore,
the change is not caused by the introduction of foreign particles into the
rock specimen.

To insure against this event happen

g however, the new

permeater was constructed with a gas filter in the system.

The helium,

as it comes from the cylinder, is quite dry and no difference in results
was obtained, whether or not the drying chamber was used.
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Investigation of Possible Adsorption
Miller< 7 > states tha when a gas atom approaches a solid surface,
it may either make a collision and rebound, an interchange of energy in
general taking place, or else it may remain an appreciable time on the
surface, i.e. be adsorbed.

The behavior would be expected to be sim-

plest with helium, for here the attractive forces between gas atoms and
the surface are very weak, so that adsorption effects would be practically absent except at very low temperatures.
Brunauer(S} states that the an1ount of gas adsorbed per gram of
adsorbent at equilibrium is a function of the temperature, the pressure,
and the nature of the adsorbent and the adsorbate.

Since adsorption de-

creases with an increase in temperature or a decrease in pressure;
therefore, if equilibrium is reached at one particular set of conditions
an increase in temperature and a decrease in pressure should reduce the
amount of adsorbed gas, thus increasing the permeability.
Specimen No. 5ZZ-20A was extensively tested in order to determine the effects of temperature and pressure on the permeability.
results are given in Table No. 3.

The

The specimen was run first through

(7 ) Miller, A. R., The Adsorption of Gases on Solids, Cambridge University Press, 1949.
(S) Brunauer, Stephen, The Adsorption of Gases and Vapors, Vol. I,
Princeton University Press, 1945.
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TABLE NO. 3
Effect of Helium Adsorption on Permeability
Pressure in AtmosEheres

SEecimen No.

40

20

522-20A

60

Volume in c.c.
Time in sec.

6.6
360

Increasing pressure
10.4
300

Volume in c.c.
Time in sec.

5.5
360

Decreasing pressure
12.2
360

13.3
240

Volume in c. c.
Time in sec.

5.8
360

Increasing pressure
9.7
300

12.9
240

Volume in c.c.
Time in sec.

5.8
360

Decreasing pressure
9.9
300

13.1
240

5.4
360

Increasing pressure
9.7
300

12.7
240

Volume in c.c.
Time in sec.

13.2
240

Specimen held at 60 atmospheres for 1 hour:
12.4
240

Volume in c.c.
Time in sec.

Specimen removed from chamber and heated for 2.5 minutes at
150° C. and 1 atmosphere pressure:
Increasing pressure
11.2
Volume in c.c.
8.9
5.4
2.40
300
Time in sec.
360

Volume in c.c.
Time in sec.

5.2
360

Decreasing pressure
8.7
300

11.4
2.40

Kept at room conditions for 18 hours:
Increasing pres sure
Volume in c.c.
Time in sec.

4.8
360

s.o
300

10.7
240
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TABLE NO.3

(continued}
Pressure in AtmosEheres

Specimen No.

20

40

60

Decreasing pres sure
Volume in c.c.
Time in sec.

4.9
360

8.5
300

10.7
240

Increasing pressure
Volume in c.c.
Time in sec.

4.8
360

Volume in c. c.
Time in sec.

4.8
360

8.4
300

10.9
240

Decreasing pressure

8.5
300

10.9
240
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three cycles to determine if it would show the usual decrease in permeabiltty.

The results show that a decrease occurred, which indicated that

the sample was experiencing the usual phenomenon.

The pressure was

again raised to 60 atmospheres and held there for one hour.

This per-

mitted equilibration of the specimen at a pressure of 60 atmospheres and
a temperature of 25° C.

The specimen was removed from the chamber

and heated to 150° C at atmospheric pressure for a period of 25 minutes.
The t emperature was not permitted to exceed 15o•c in order to prevent
permanent expansion, which Maxwell and Verrall(9) showed would take
place in carbonate rocks above this temperature, resulting in an increase
in permeability.
The heating of the specimen and reduction of the pressure should
have removed a portion of any adsorbed gas, if present.

The removal of

the adsorbed gas would therefore cause an increase in permeability. The
data in Table No. 3 shows that this was not the case.
that heating had not modified the

specimen~

In order to prove

it was retnoved from the

chamber and permitted to remain at room temperature and pressure for
18 hours, after which two cycles of measurements were taken again. No
change in the usual trend of decreasing permeability was detected.

All

evidence indicates that the decrease in permeability is not due to gaseous
adsorption.

(9) Maxwell, John C. , and Verrall,' Peter, Transact ions, American
Geophysical Union, Vol. 34, No. 1, Feb., 1953.
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Investigation of Permeability Decrease

During the investigation, it was noted that the permeabilities of
most specimens could be duplicated so long as the pressures were below
20 atmospheres, but after being subjected to higher pressures, the permeability became less than that originally obtained.

In some specimens,

pressures below 20 atmospheres induced this change.
As shown in Table No. 4, specimen No.

522-20B~

for example,

gave consistent permeability measurements of 11.4 cc in 6 minutes at a
pressure of 20 atmospheres.

The pressure was then raised to 30 atmos-

pheres and after determinations were made, the pressure again was reduced to 20 atmospheres.

The volume of gas passing through the speci-

men in 6 minutes was determined to be 11.2 cc.
slight decrease in permeability.

This indicated only a

The pressure then was increased to 40

atmospheres and a number of determinat ons had to be made before constant results were obtained.

This factor alone, indicates that certain

changes were taking place during the measurements.

When the pressure

was returned to 20 atmospheres, the volume of gas passed by the specimen had dropped to 10.5 cc per 6

6. 25 percent.

minutes~

a reduction of approximately

The cause of this decrease also must be attributed to the

pressure increase from 30 atmospheres to 40 atmospheres.

The pressure

now was raised to 50 atmospheres and eight readings were taken.

At

this pressure the permeability values were more nearly constant than at
40 atmospheres, indicating that the rock had attained a measure of
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TABLE NO.4
Variation of Permeability with Gaseous Pressure Applied
to Single Specimen
Pressure in Atmospheres

Specimen No.

52.Z-20B

zo

20

2.0

20

20

11.4
360

11.3
360

11.6
360

11.4
360

11.3
360

30

30

30

30

30

15.0
300

14.7
300

14.8
300

14.7
300

14.7
300

20

20

11.2
360

11.2
360

40

40

40

40

40

Volume in c. c.
Time in sec.

16.2
240

16.0
240

15.7
2.40

15.6
240

15.4
240

Volume in c.c.
Time in sec.

15.3
Z40

15.1
240

15.1
240

14.9
240

15.0
240

Volume in c. c.
Time in sec.

14.8
Z40

14.9
240

14.8
2.40

14.9
240

14.8
240

20

20

20

10.5
360

10.4
360

10.5
360

50

50

50

50

50

Volume in c. c.
Time in sec.

14.8
180

14.6
180

14.5
180

14.3
180

14.2
180

Volume in c.c.
Time in sec.

14.3
180

14.2.
180

14.2
180

2.0

zo

20

2.0

20

10.3
360

10.3
360

10.3
360

10.2
360

10.3
360

Volume in c.c.
Time in sec.

Volume in c.c.
Time in sec.

Volume in c. c.
Time in sec.

Volume in c.c.
Time in sec.

Volume in c.c.
Time in sec.
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TABLE NO. 4

(continued)

Specimen No.

522-ZOB

Pressure in Atmospheres

60

60

60

60

60

Volume in c.c.
Time in sec.

12.0
120

12.0
120

11.9
120

11.9
120

11.7
120

Volume in c.c.
Time in sec.

11.8
120

11.7
120

11.7
120

11.7
120

11.7
120

20

20

20

20

10.1
360

10.0
360

10.0
360

10.0
360

20

40

60

Volume in c.c.
Time · sec.

Increasing pressure
Volume in c. c.
Time in sec.

10.0
360

14.0
240

11.4
120

Decreasing pressure
Volume in c.c.
Time in sec.

9.8
360

13.8
240

11.4
120

Increasing pressure
Volume in c. c.
Time in sec.

9.4
360

13.4
240

11.0
120

Decreasing pressure
Volume in c.c.
Time in sec.

9.2
360

13.0
240

11.0
120

After 18 hours at room temperature and pressure:

20

40

60

Increasing pressure
Volume in c. c.
Time in sec.

9.3
360

13.0
240

11.3
120

Decreasing pressure
Volume in c.c.
Time in sec.

9.7
360

13.3
240

11.3
120
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stability.

When however, the pressure was reduced to ZO atmospheres,

the average volume of gas passed was 10. 25 cc in 6 minutes, indicating
still some change in the rock resulting in a slight decline in permeability.
The pressure was raised to 60 atmospheres.

After six measurements the

permeability reached a constant value and when the pressure was decreased
to 20 atmospheres, the volume of gas passed was found to be 10.00 cc in

6 ntinutes.

The total reduction in permeability at ZO atmospheres now

was reduced by slightly over 12 percent.
Next the effect of cyclic alternation of pressures was studied.
Two cycles of tests, from ZO atmospheres to 60 atmospheres and back
again, were run.

As a result of these tests the volume of gas passed in

6 minutes at ZO atmospheres was reduced to 9. Z cc, 19.3 percent reduction from the original measurements.
The specimen was removed from the chamber and permitted to
remain at room temperature and pressure for 18 hours.

The specimen

was remounted and one cycle of tests was repeated with the results indicating that a very slight tendency to return to its normal condition may have
existed.

This was interpreted as a slight hysteresis effect, however,

this minor change may be within the error of the equipment.
Several important deduct·ons were drawn from the above tests.
First, it is very obvious that the results obtained at low pressures are
dependent upon the "history" of the specimen.

These results are not only

dependent upon the magnitude of the previously imposed pressures, but
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also the number of times the specimen was subjected to these pressures.
Second, for this particular specimen the greatest change in permeability
occurred at about 40 atmospheres.

This suggests that the factor involved

in decreasing the permeability manifested itself to a greater extent at
that particular pressure.

Third, there is a slight suggestion of a hys-

teresis effect on the last cycle of the tests, however, the magnitude of
this change was not sufficiently large to be conclusive.
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Investigation of Specimen Etching

In considering the variability in permeability exhibited by a single
specimen of No. 7 Zone Bonneterre dolomite one must keep in mind that
all specimens were prepared by sawing slices from diamond drill core
using a diamond saw.
sawing operation.

Considerable fine material is produced by the

In accordance with Ohle's procedure, an attempt was

made to remove this fine material from the rock surface by thoroughly
washing each specimen and then thoroughly drying it before determining
its permeability.

This procedure was used while many specimens were

tested, but when the lack of reproducibility of results was called to Dr.
Grawe 1 s attention, he suggested that an attempt be made to determine the
cause of the variability.

In carrying out this suggestion, the writer

found that in spite of thorough washing, the surface retained much powdered
and crushed material.

It seemed likely that this material was being

forced into the pores and interstices of the specimen upon application of
pressure, thus greatly reducing the permeability.

The magnitude of the

effect would be dependent upon the amount of fine material remaining on
the rock surface.

This amount is variable, depending upon such factors

as grain size, friability and hardness of the specimen and upon the pressure exerted during the sawing operation.
To ascertain the magnitude of the effect, the surfaces of several
specimens were etched with 6N HCl for one minute and the permeability
redetermined.

In many tests, the permeability was increased six-fold.
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This increase in permeability seemed likely to be due to an increase in
porosity due to solution of the dolomite in the acid which penetrated the
specimen.

Accordingly, the specimens were re-etched and the permea-

bilities were redetermined.

Curiously enough, they did not increase

further, indicating that the acid removed only the powdered material.
Table No. 5 shows the results obtained on the first two samples etched.
The effects of etching were examined further by viewing the specimens
under the microscope, both before and after etching.

This clearly re-

vealed that the acid had removed the fine, loose material but had affected
the specimen as a whole very little.
A standard procedure was adopted for etching.

Three drops of

6N HCl were placed on the surface of the specimen and permitted to
react for one minute.

At the end of one minute the acid was immediately

flushed off and the surface was washed for one minute to remove any
remaining acid and chlorides produced by the reaction.

The specimens

were then air dried at room temperature for at least one hour before
testing.
The realization of the need to etch the specimens came late in the
investigation, therefore the results obtained in the earlier phases of the
work are not comparable with those obtained later.
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TABLE NO.5
Effect of Etching

PressuremAnnospheres

Sample No.

523-ZlC

Volume in c.c.
Time in sec.

20

20

1.9

I. 9
360

360

Specimen subjected to 70 atmospheres pressure for 5 minutes,
then returned to 2.0 atmospheres.

20
Volume in c.c.
Time in sec.

1.1
360

-20

1.05
360

Specimen etched with 6N HCl for 1 minute, washed with water,
and air dried for 1 hour.
2.0
2.0
20
4.7
4.8
Volume in c.c.
5.05
360
360
Time in sec.
360

Specb:nen subjected to 70 atmospheres pressure for 5 minutes,
then returned to 2.0 atmospheres.

20
Volu'Ule in c. c.
Time in sec.

3.7
360

2.0

~6
360

Specimen remained at room conditions for two weeks.

20
Volume in c.c.
Time in sec.

3.2
360

2.0
3.2
360

Specimen etched by same procedure as before.

Volu'Ule in c. c.
Time in sec.

2.0

2.0

3.0
360

3. 1
360
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TABLE NO. 5 (continued)
Sample No.

5Z3-ZlD

Pressure in Atmospheres

Volume in c.c.
Time in sec.

20

20

2.3
360

2.2
360

Specimen subjected to 70 atmospheres pressure for 5 minutes,
then returned to 20 atmospheres.
20
Volume in c.c.
Time in sec.

1.7
360

20
I. 7
360

Specimen etched with 6N HCl for 1 minute, washed with water,
and air dried for 1 hour.
20
20
20
Volume in c.c.
3.2
2.9
2.9
360
360
Time in sec.
360
Specimen subjected to 70 atmospheres pressure for 5 minutes,
then returned to 20 atmospheres.
Volume in c.c.
Time in sec.

20
2.55
360

20
2.45
360

Specimen remained at room conditions for two weeks.
Volume in c.c.
Time in sec.

20
1. 9
360

20
2.0
360

Specimen etched by same procedure as before.
Volume in c.c.
Time in sec.

20
2.0
360

20
2.05
360
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Effect of Flow Direction

In order to determine the effect of changing the direction of flow
of the gas through the specimen, specimen No. 522-60-D was tested at a
pressure of 20 atmospheres.

An average value of slightly more than 6.5

cc per 2 minutes was recorded; the sample was removed from the chamber, reversed and measured again.
age of 6. 7 cc per 2 minutes.

The several read·ngs gave an aver-

The specimen was reversed twice more,

with results of approximately 6. 5 cc per 2 minutes for both of these tests.
The complete data may be seen in Table No. 6.
These tests were accepted as proof that the direction of flow of
the gas makes no difference in the permeability, at a low pressure, and
that a specimen may be repeatedly remounted in the chamber without
introducing appreciable error.
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TABLE NO.

6

Effect of Flow Direction
Sample No.

522-60D

Pressure in Atmospheres

Volume
cc.
Time in sec.

20

20

20

20

6.6

6.5
120

6.4
120

6.6
120

20

20

20

20

6.6

6.7
120

6.7
120

6.9

20

20

20

20

6.5
120

6.5
120

6.5
120

6.6

20

20

20

20

6.3
120'

6.5
120

6.5
120

6.5

120

Specimen Reversed

Volume in cc.
Time in sec.

120

120

Specimen Reversed

Volume in cc.
Time in sec.

120

Specimen Reversed

Time in cc.
Time in sec.

120
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Relative Permeability of the No. 7 Zone Rock Types

Approximately 1000 feet of No. 7 zone core were examined for the
purpose of securing good samples of each of the various lithologic types
present in the zone.

These samples were chosen for their homogeneity

and lack of fractures and vugs.

Several specimens of each typical lithol-

ogy were chosen and etched in the usual manner.

Because of the difficul-

ties experienced at high pressures, no attempt was made to determine the
liquid permeabilities of the various lithologic types of the No. 7 zone.
Only the results obtained at 20 atmospheres were used for comparative
purposes.
The results obtained in these tests may be seen in Table No. 9.
A summation of these results along with previous tests indicates the rela-

tive permeabilities, to be in order of increasing permeability: Slime,
T0

,

Lx.

Tx, Crepe, Marble, Breccia, Fingered and Mottled, Spotted, and
This order is based on average permeability values.

Some of the

rock types exhibit large ranges in permeability which overlap the values
of certain other types.

Plate No. IX shows the relative position and

permeability range of the rock types in the No. 7 zone.

It may be noted

that the granular type rocks have a more restricted range of permeability
than the "fingered" or "breccia" types.
permeability of the "fingered" and

11

This is due to the fact that the

breccia 11 types are normally dependent

upon the amount and orientation of the shale partings.

Also, the size of
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the specimen is too small to obtain a representative sample of these rock
types.

It is obvious, as shown by Plate No. X, that permea ing fluids

favor the shale partings of the contacts between the algal growths and the
adjacent detritus.

The permeability of individual specimens, therefore,

could vary considerably in this type of rock
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TABLE NO. 9
Relative Permeabilities
All Measurements
Taken at 20 Atmospheres Pressure
Sample No.

Volume in c.c.

5Z5-46A
5Z5-52A

Crepe

5Z4-3ZA
5Z4-3ZB
5Z4-32D

Lx

522-68A
5Z2-68B
522-68C

Lx

524-5ZA
524-5ZB
524-52C
524-52D

Breccia

524-75A
5Z4-75B
524-75C

MotUed

524-60A
5Z4-60B
5Z4-60C
5Z4-60D

Mottled

5Z5-76A
525-76B
5Z5-76C
525-760

Mottled

522-107A
5Z2-l07B
522-10-7C
522-1070

Marble

522-llOA
522-llOB
522-llOC
522-llOD

Marble

"
II

"
II

rr

II
II
If

II
II

tt

"
"
II
II
II

II

"

"
II

"
"

Time in Sec.

23.Z
7.4

60
60

Plus 500
38.7
Plus 500

60
60
60

Plus 500
Plus 500
Plus 500

60
60
60

20.3
42.1
14.8
34.5

60
15
60
15

3.4
8.1
14.9

60
60
60

Plus 500
25.6
Plus 500
Plus 500

60
60
60
60

Plus 500
32.2
42.0
50.0

60
1
60
12

25.5
25.6
37.3
26.8

15
60
60
60

15.6
4.4
30.5
1. 4

60
60
60
60
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PLATE

RELATIVE PERMEABILITY

OF 7 ZONE ROCKS

This chart ia baaed on the testa of 80 specimens.

C.C OF HELIUM PER MINUTE
LITHOLOGY

AT 20 ATMOSPHERES
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PLATE X

EXPLANATION OF PLATE X

Plate X shows a horizontal section of rock from within the
reef.

The algal growths are indicated by"A 11 and the inter -reef

detritus is labeled "B".

Note that the contact between the algal

and detrital material was probably the route of migrating solutions
which caused the vuggy nature of the contacts, indicated by the
arrows.

View of reef rock, looking vertically d~wn on algal growths·
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Comparison of Mineralized and Unmineralized Rock

A few specimens were chosen which were of the same lithology,
some contained disseminated galena and others contained no galena.
The permeability of these specimens was measured in an attempt to
determine if the mineralization had influenced the permeability.
The Tx and T 0 lithologies were chosen due to their usual shorter
range in permeabilities.

The results as shown in Table No. 10 seems

to indicate that there is no pronounced difference in the permeability
of the mineralized rock.
Table No. 11 lists the type of lithology of all specimens mentioned
in this thesis.

Many other specimens were measured, but were used

only in final compilation of Plate No. IX.
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TABLE NO. 10
(Mineralized Specimens)

All Measurements
Taken at 20 Atmospheres Pressure
Specimen No.

523-37A
523-37B
523-37C
523-37D

Volume in c. c.

Time in Sec.

7.9

6.5

60
60
60
60

10. 1
3.6
3.9
8.4

60
60
60
60

5.7
7.9
3.0
8.4

60
60
60
60

3.7
50.0
5.8
7.1

60
15
60
60

zo.o

6. 1

Tx
523-40A
523-40B
523-40C
523-40D

To
5Z3-33A
5Z3-33B
5Z3-33C
5Z3-33D

To
5Z3-35A
5Z3-35B
5Z3-35C
5Z3-35D
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TABLE NO. 10 (continued)
(Unmineralized Specimens)
All Measurements
Taken at 20 Atmospheres Pressure
Specimen No.

Volume in c.c.

Time in Sec.

530-91A
530-91B
530-91C
530-91C

6.0
8.4
3.7
4.1

60
60
60
60

522-10A
522-10B
522-10C

5.0
5.2
10.0

60
60
60

522-11A
522-11B
522-IIC
522-11D

5.5

4.6

60
60
60
60

522-15A
522-15B
522-15C

2.8
7.8
8.0

60
60
60

To

8.4
5.2
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TABLE NO. 11
Lithology of Specimens
Specimen Number

Lithology

522-6
522-8
52.2.-10
522.-11
522.-15
52.2.-18
522-20
522-50
52.2.-60
522.-68
522.-88
522.-107
52.2-110
52.2-115

Mottled
Mottled
To
To
To
Mottled
Mottled
Tx
Spotted

52.3-21
523-33
52.3-35
523-37
523-40

-To
-To
-To
-Tx
,-Tx

524-9
52.4-32
524-52
52.4-60
524-63
52.4-75
524-95

Leached
Breccia
Mottled
Spotted
Mottled
Fingered

525-10
525-46
525-52.
525-76
52.5-78
52.5-60
525-68

Tx (Glauconitic)
Crepe
Crepe
Mottled
Slime
Mottled
Slime

527-1

To

530-91

Tx

Lx
Spotted
Marble
Marble
Tx {Glauconitic)

Lx

Lx
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Sources of Error

It should be realized that even before considering the possible
sources of error of the permeability measuring procedure, a few other
items should be considered.

In order to relate permeability of the

rocks with mineralization it must be assumed that:
(I) the permeability of the rocks has not changed since ore
emplacement, or all of the rocks have changed a proportional amount.
(2)

no change in permeability is produced by the process of min-

eralization.
(3) by measuring a large number of samples, an average perme-

ability may be obtained.

This is unfortunately not the case, since it

is presumably possible to have one thin impervious bed within a larger
unit of more permeable rocks.

The impervious bed would therefore

control the overall permeability of the unit, just as the weakest link
in a chain controls the strength of the chain.
(4) the physical condition of the specimen is similar to the actual

field conditions, i.e., the confining pressure, temperature, and moisture content.

It has been suggested by Brown(IO) that relative

porosities may possibly be completely reversed by higher temperatures
and pressures.

(10) Brown, Johns., Porosity and ore deposition at Edwards and
Balmat, New York, Geol. Soc. America Bull., vol. 58, pp. 505546, June 1947.
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The above are only a few of the more obvious assumptions, although
they are sufficient to indicate that even if the actual measurements are
very accurate, certain large errors may still exist.
Mcst of the errors in the measuring process are more definite
and easier to cope with than those previously mentioned.

The major sour-

ces of error were those caused by not etching the specitnen and the error
created by subjecting the specitnen to the high pressures.

The error

caused by crushed material on the surface of the specimen was eliminated by etching the surface.

The only satisfactory method of eliminating

the error produced by high pressures was to prevent exceeding this "critical" pressure.

By keeping the specimens at low pressures, one partially

defeats the purpose of the gaseous permeameter, since speed of measuretnent is sacrificed at the low pressures.
A few other sources of error were discussed by Ohle(ll) and
deemed negligible; they are as follows:
(1) The assumption of one attnosphere pressure on the low pressure side of the specimen rather than taking a barometric reading during
each test.
(2) The effect of the vapor pressure of the water which was displaced in the collecting vessel and above which the gas flow accutnulated
was slight.
(3) The gas expansion occurring as the gas warmed during
accumulation was not great as the tests were of short duration.
(4) The viscosity of the gases used varies slightly with the temperature.
(5) Instrumental and dimensional errors.

(11) Ohle, Ernest L • , op. ctt.,
·
p. 64 9.
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Sun1mary and Conclusions

The ob·ective of this investigation was to ascertain the relationship
between the permeability of the 7 zone rock types and the occurrence of
lead Ynineralization in the National Mine of the St. Joseph Lead Company.
The permeameter of Dr. E. L. Ohle, and his methods of permeability
determination were initially used.

Inability to obtain reproducible results

under certain conditons necessitated modifications in Dr. Ohle 1 s procedure.
Based upon the results obtained in this investigation, the following
basic conclusions seem warranted.
(1) It is necessary to etch all specimens before measuring the
permeability. since the lack of etching may reduce the permeability several hundred percent.

The reduction of permeability is directly related

to the amount of crushed material remaining on the surface of the speci-

men after sawing and washing.

This effect cannot be compensated for by

a factor, since the amount of material is variable and unpredictable.

It

is recomn1ended that the previously discussed etching procedure be
followed for dense dolomites; however, it may be desirable to alter this
procedure for other carbonates.

More difficult problems will exist when

dealing with non-carbonates, not considered in this investigation.
(2) It has been shown that a certain decrease in permeability is
promoted in the saYDples by subjecting them to higher pressures.

This

occurs to a lesser extent in the specimens after being etched, but still is
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present as a fully perceptible phenomenon.

Dr. Ohle(lZ) stated that this

phenomenon may have been present in his work, but since the change involved is seldom more than Z5 percent, it was not investigated.

The

author spent considerable time investigating this phenomenon and concluded that it is due to strain developed in the rock caused by the stress
applied while measuring the permeabilities.

It has been noted that per-

meability results may be accurately repeated until certain pressures are
exceeded, after which the permeability values decrease.
is the "critical 11 pressure at which creep occurs;

This pressure

caused by attempted

equilibration of the specimen with the new conditions.
varying rates, depending upon the individual specimen.

Tbi.s occurs at
After the pres-

sures are relieved and the specimen is permitted to stand at room conditions for several hours, the specimen occasionally shows a slight
tendency to return to its original condition, but this hysteresis seldom
exceeds Z-3 percent.

It is assumed that after the "critical" pressure is

exceeded, the creep produced is sufficient to permanently reorient or
strain the grains enough to affect the permeability of the rock.

It is there-

fore recommended that if extremely accurate permeability measurements
are des"red, it is advisable not to exceed this "critical" pressure.
pressure varies, but is normally between 30 and 40 atmospheres.

This
It

should be interesting to compare a number of these "critical" pressures

(lZ) Personal communication.
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with the actual mechanical crushing strength of the same lithology, however, time and facilities did not permit this study.
(3)

The permeabilities of the various lithologic types of the 7 zone

may be arranged as shown in Plate No. 9.

From the interpretation of

these and previous results, several statements may be made: {a) If the
specimen is of a homogeneous nature, containing no fractures, vugs, clay
partings, etc., it may be stated that the permeability is normally related
to the grain size.
(b)

The smaller the grain size, the lower the permeability.

The range of permeability for each lithology is related to the ratio

between the size of the specimen and the feature controlling the permeability.

(c)

Disseminated galena causes no apparent change in permeability.

This is believed to be due to the fact that in YDost cases the grain size of
the galena is near that of the enclosing dolomite grains.

{d) The differ-

ent 1 thologies measured are only those occurring within the 7 zone; however, it may be said that the average permeability above and near the top
of the reef is less than below and

ithin the lower portion of the reef.

This statement is based upon the fact that the Tx and T 0 lithologies are
more prevalent near the top and the

Lx

is more prevalent below the reef.

There was no detectable permeability difference of any particular lithology due to its position in the area.

(e)

The permeability is in many

cases more than 10 times greater horizontally along stylolites than it is
vertically across them.

In many cases, however, fine bedding planes

such as are found in the crepe type rock, showed no increase inpermeability
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when measured in a horizontal direction.

It was noted that the more irreg-

ular the stylolite, the greater the permeability in a horizonW direction.
(4} Homogeneous rock containing no bedding planes, etc., gave
results of the same magnitude, in either a vertical or horizontaldirection.
(5) It is indicated that the galena mineralization did not fill the
pore spaces, since the permeability of the mineralized rock is similar
to the unmineralized portions of the same lithologic type.

The fact that

the galena grains in the disseminated ore are nearly the same size as the
surrounding dolomite grains indicates that the origin was either by fluids
replacing the dolomite grain by grain, or by syngenetic processes.

(6) The fact that the permeability near the top of the mineralized
section is much less than that near the bottom, indicates that if the origin
of the deposits were by mineralizing fluids, it is much more plausible
that the fluids came from beneath.
(7)

Even minor cracks or fractures within the rock create condi-

tions of permeability hundreds of times greater than the most permeable
unfractured lithology.
(8) It may be stated that within the 7 zone, the "fingered" and
" spotted" facies are most favorable for ore occurrence.
and

"Lx"

The "m.arble"

are probably next in line in favorability, but it is difficult to

estimate since these lithologies are rather sparse and normally present
only in the extreme lower portions of the reef.

The "Tx" and "T 0

"

types
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are moderately to well mineralized in many places, and the "crepe" and
nslime 11 of the 7 zone show only very sparse mineralization.
It must be understood that the above statements are based only on
underground observations, and it must also be realized that even the most
favorable lithologies are unmineralized in many places.

If the above order can be accepted; by comparison with the relative permeabilities as shown in Plate No. IX, one may possibly conclude
that the more permeable lithologic types are more susceptible to mineralization.

It should be noted, however, that this relationship is somewhat

vague and only suggestive in nature.

78
References Cited
(1) Ohle, E. L., and Brown, J. s., Geologic problems in the southeast Missouri lead district, Geol. Soc. America Bull.,
vol. 65, no. 3, pp. 201-221, March, 1954.
(2) Dake, C. L., and Bridge, J., Buried and resurrected hills of
the Central Ozarks: Am. Assoc. of Petroleum Geologists
Bull., vol. 16, pp. 629-652, July, 1932.

(3) Ohle, Ernest L., The influence of permeability on ore distribution in limestone and dolomite; Part I, Econ. Geology,
vol. 46, no. 7, pp. 667-706.
(4) Ohle, Ernest L., Idem., p. 687.
(5) Ohle, Ernest L., Idem., p. 687.
(6

Klinkenberg, L. J., The permeability of porous media to liquids
and gases: Am. Petroleum Inst. Drilling and Production
Practice, pp. 200-211, 1941.

(7) Miller, A. R., The Adsorption of Gases on Solids, Cambridge
University Press, 1949.
(8) Brunauer, Stephen, the Adsorption of Gases and Vapors, vol. I,
Princeton University Press, 1945.
(9) Maxwell, John C., and Verrall, Peter, Transactions, American
Geophysical Union, vol. 34, no. 1, Feb., 1-953.

(10) Brown, John s., Porosity and ore deposition at Edwards and
Balmat, New York, Geol. Soc. America Bull., vol. 58,
pp. 505-546, June, 1947.
( 11) Ohle, Ernest L., op. cit., p. 649.

79

Vita

The writer was born in West Frankfort, Illinois, on October 3,
1929.
fort.

He also attended both elementary and high school in West Frank-

In June 1951, he was granted the degree of Bachelor of Science

in Mining Engineering from the Missouri School of Mines.

Following

graduation, he was employed as a mining engineer by the Climax Molybdenum Company for several months before entering the U.

s.

Army. He

served two years in the Corps of Engineers, one year of which was in
Korea, and was released at the rank of 1st Lieutenant.

Upon release

from the Army in 1953, he was employed by the Illinois Division of
Highways for one year as a civil engineer.

In October 1954, he left the

Division of Highways to accept employment with the St. Joseph Lead
Company.

He served as geologist for two years with this company be-

fore returning to the Missouri School of Mines in September 1956, to
study for a Master of Science Degree in Geology.

Upon completion of

this study, he accepted employment as a geologist with the Cerro de
Pasco Corporation.

